[(1 ¹ x ¹ y)BT-xBMT-yBF] ceramics were prepared by a conventional solidstate synthesis, and their crystal structure and piezoelectric properties were investigated in details. Synchrotron X-ray diffraction (XRD) pattern revealed that a single perovskite phase was obtained for samples at x = 0.0500.150, y = 0.4650.735. Splitting of the (111) peak was observed when (x, y) = (0.050, 0.685) and (0.050, 0.735) indicating that crystal structure of samples changed from pseudocubic to rhombohedral phase with increasing BF content. As the BF content increased, the Curie temperature increased. The highest apparent piezoelectric constant d 33 * values estimated from strain (S) over the applied electric-field (E) value (d 33 * = S/E) was observed at 300 pm/V for the 0.325BT-0.100BMT-0.575BF ceramics at 25°C and 1 Hz.
Introduction
Lead-free piezoelectrics have extensively been studied due to environmental concerns. Until now, the piezoelectric response and Curie temperature are, however, not simultaneously comparable to those of Pb(Zr,Ti)O 3 (PZT). 1) Recently, BaTiO 3 (BT)-Bi-based perovskite ceramics have been studied as candidates as lead-free ceramics, in which the end members are Bi(Zn 1/2 -Ti 1/2 )O 3 (BZT), and Bi(Mg 1/2 Ti 1/2 )O 3 (BMT), 2) , 3) following the study of the PbTiO 3 BiScO 3 system with high piezoelectric response, and high Curie temperature. 4) However, the piezoelectric responses are small, especially at relaxor compositions. We have studied the BT-BMT-BiFeO 3 (BT-BMT-BF) system to increase the piezoelectric response. 5) Here, (1 ¹ x)BT-xBMT (x = 0.10.7) ceramics are relaxor with the maximum dielectric constant up to 360°C at x = 0.5. 6) On the other hand, BF ceramic is a ferroelectric material with a high Curie temperature of around 830°C. 7) The previous paper reported the three kind of products of 0.40BT-0.60BMT, 0.45BT-0.20BMT-0.35BF and 0.30BT-0.10BMT-0.60BF.
5) The piezoelectric property of 0.30BT-0.10BMT-0.60BF was the highest among the three compositions. In this study, we conducted the compositional study the system in order to find detailed chemical compositions with better piezoelectric properties near the 0.30BT-0.10BMT-0.60BF chemical compositions.
Experimental procedure
The chemical compositions studied in this study were shown in Fig. 1 . The lines with 5, 10, and 15 mol % BMT was referred to as A, B, and C lines, respectively in Fig. 1 Metallic Co., Ltd.) were ball-milled with zirconia balls and ethanol for 16 h. After drying at 80°C, the powders were ground and calcined at 900°C for 6 h in air. The crystal structure of calcined powders was determined by X-ray diffraction (XRD) (RINT2000, Rigaku Corporation) with Cu-K¡ radiation. The powders were again ground and ball-milled for 16 h. After drying at 80°C, the powder mixed with 3 wt % polyvinyl butyral. Obtained powders were ground and sieved through a 250 mesh screen. The powders were uniaxially pressed at 320 MPa in a 10-mm-diameter die. After binder burnout at 700°C, the compacts were sintered at 9751025°C for 2 h in air.
The densities of the samples were measured by an Archimedes method. The densities of the samples were found to be more than 95% of the theoretical ones. For crystal structure characterization, the sintered samples were crushed into powders and they were annealed at 700°C. The crystal structure and lattice parameter of the powders were determined using a synchrotron X-ray source (BL02B2, SPring-8) with the wavelength of 0.41228¡. For electric characterizations, the samples were polished down to 0.4 mm in thickness. Gold electrodes were sputtered on the top and bottom surfaces. The samples were cut into the size of 4 mm © 1.5 mm © 0.4 mm. The dielectric constant and loss were measured using an LCR meter (6440B, Wayne Kerr Electronics), with increasing temperature from room temperature to 500°C with a heating rate of 3°C/min. The polarization vs. electric-field (PE) loops and the strain vs. electric-field (SE) curves were measured at room temperature and 100°C using ferroelectric characteristics evaluation systems. Apparent high electric-field, piezoelectric constant, d 33 *, was defined as maximum strain over the applied electric field amplitude of 60 kV/cm (d 33 * = S 60kV/cm /E 60kV/cm ) observed from the unipolar SE curves at 1 Hz.
Results and discussion
First, the crystal structure of all of BT-BMT-BF ceramics prepared in this study was investigated by conventional and synchrotron XRD measurements. As the results, the XRD profiles showed that all the samples were perovskite single phase without impurities. As the typical examples, Fig. 2 shows the (111) peaks for the A line samples. It was found that the (111) peaks of the samples with x = 0.685 and 0.735 were splitted, which suggested that their crystal structure was assigned to rhombohedral symmetry. This is because the crystal structure of BF is rhombohedral at room temperature, 7) their crystal structure was rhombohedrally distorted. On the other hand, such a splitting was not observed for the (111) peaks of the B, and C line samples. Here, the peaks were indexed base on the pseudocubic symmetry.
Next, to clarify their Curie temperature (T C ), the temperature dependence of dielectric properties was investigated in this study.
As mentioned before, however, for the samples with pseudocubic symmetry, it can be very difficult to determine the T C . Therefore, in this study, the peak temperature of dielectric constant at 1 MHz was defined as T max through this study. As the typical examples, Fig. 3 shows the temperature dependence of the dielectric constant and loss for the B line samples measured at 1 MHz. A broad dielectric peak was observed for the dielectric constant profile. As the BF content increased, the T max increased monotonously and dielectric peaks became sharp. This might be attributed to the high T C of the BF. The similar measurements were performed for the A and C line samples, and the similar T max behaviors were observed. Figure 4 shows the BF content dependence of the T max for the BT-BMT-BF ceramics of the A, B, and C line chemical compositions, measured at 1 MHz. The T max of all the prepared samples was more than 300°C, and the T max rose as the amount of BF content increased. The peak of the dielectric constant was not observed at temperatures below 500°C for the composition of x = 0.685, and 0.735 in the A line. These results suggested that the BT-BMT-BF ceramics were the high T max piezoceramics over 300°C.
It is very important to estimate piezoelectric property for the BT-BMT-BF ceramics, but their leakage current densities were higher than 10 ¹7 A/cm 2 below 50 kV/cm, which indicated that poling treatment was very difficult. Then, in this study, the apparent piezoelectric constant d 33 * was estimated at the strain slope vs. electric-field at 60 kV/cm. Figures 5 and 6 show the BF content dependence of the d 33 * for the BT-BMT-BF ceramics of the A, B, and C line chemical compositions, measured at 1 Hz and 25 (Fig. 5) and 100 (Fig. 6 )°C. At 25°C, the highest d 33 * value of 300 pm/V was observed at 0.365BT-0.050BMT-0.585BF on the A line, while at 100°C, the d 33 * value of almost all composition increased by 100200 pm/V as compared of those at 25°C. At 100°C (Fig. 6) , the d 33 * values higher than 500 pm/V were clearly observed at chemical compositions of 0.375BT-0.100BMT-0.525BF, 0.350BT-0.100BMT-0.550BF and 0.325BT-0.100BMT-0.575BF in the B line. In general, for piezoelectric ceramics such as PZT, the apparent d 33 * values were almost constant despite of temperatures, if measurement temperature was lower by 50°C than its T C . 8) On the other hand, for the BT-BMT-BF ceramics in this study, the apparent d 33 * values increased with increasing temperature. This phenomenon was very abnormal for the general piezoelectric ceramics, and to explain this behavior, there are two kinds of possibility, i.e., (a) ferroelectric phase transition between 25 and 100°C, and (b) domain pinning by the associated point defects such as oxygen vacancy and the cation with reduced valences. To confirm this hypothesis, the synchrotron XRD measurement at various temperatures from 25 to 500°C was performed using the 0.325BT-0.100BMT-0.575BF ceramics, and below 200°C, it was observed that there was no phase transition behavior. Thus, at present, we considered that the origin of the d 33 * increase with increasing temperature might be caused by the domain pinning by the associated point defects. To confirm this hypothesis (b), the temperature dependence of PE and SE curves were measured from 25 to 125°C at 1 Hz for the 0.325BT-0.100BMT-0.575BF ceramics. Figures 7 and 8 show the temperature dependence of the bipolar SE and PE hysteresis loops for the 0.325BT-0.100BMT-0.575BF ceramics measured at 1 Hz. The coercive field Ec from the SE and PE curves decreased with increasing temperature. Moreover, the piezoelectric response and induced polarization increased with increasing temperatures. As mentioned before, the piezoelectric response and polarization are not a strong function of temperature at the temperatures well below Curie temperature. Previous paper reported that the created oxygen vacancy defect dipoles could pin the domain walls, 9) so that this result might be caused by the volatilization of Bi 2 O 3 during the calcination or the sintering. However, in this study, it was unclear that oxygen vacancy was originated from the volatilization of Bi 2 O 3 or valence changing of iron during the sintering. Since pinned domain wall do not participate in domain wall motion, the samples showed the reduced piezoelectric property and polarization characteristic at 25°C. The reason why the piezoelectric response and polarization characteristic increased at 100°C could be the depinning of the domain walls pinned by the defect dipoles, and the domain wall motion started to contribute the piezoelectric response and polarization. 
Conclusions
The chemical composition dependence of the dielectric and piezoelectric properties for the BT-BMT-BF ceramics were investigated. As the BF content increased, the T max increased. The chemical composition dependence of the d 33 * value calculated from unipolar SE curves revealed that the highest d 33 * value of around 300 pm/V was obtained at the 0.325BT-0.100BMT-0.575BF ceramics, their d 33 * value increased with increasing temperatures from 25 to 125°C, and finally the d 33 * value at 100°C was estimated over 500 pm/V. The reason of reduced piezoelectric property and polarization characteristic at 25°C may be attributed to the domain walls pinned by the defect dipoles. Accordingly, it is necessary to control generation of oxygen vacancies and volatilized bismuth to increase the piezoelectric response.
